ABSTRACT In most eucaryotes the tubulin genes comprise small multigene families with approximately equal numbers of genes for a-and ß-tubulin, the structural proteins of microtubules . The recent isolation of tubulin mutations in several species is proving to be a powerful tool for examining the structure and function of specific sets of microtubules. In Drosophila melanogaster, genetic analysis of a testis-specific ß-tubulin gene has shown that a single tubulin gene product may fulfill a number of different microtubule functions . In addition to tubulin mutations, mutations in other genes whose products are involved in the regulation or structure of specific microtubule arrays have also been isolated. The combination of analysis of both classes of mutations is beginning to allow a molecular description of the construction and function of three-dimensional cellular structures. In addition, such studies may also shed light on the evolutionary pressures that gave rise to and serve to maintain small families of genes encoding very similar proteins.
Young biochemists of my generation were cautioned not to waste clean thinking on a dirty enzyme. What was harder for us to remember was that it is in a dirty system (i.e., life) that the enzyme normally worked . The awareness that biological function must be viewed within the context of the physical interactions ofthe cellular architecture is both a cause of, and a result from, the new and very exciting synthesis between what have heretofore been rather separately pursued disciplines ofbiological thought-molecular biology and biochemistry, developmental biology and genetics;.and cell biology . The merging ofdifferent technical approachesand viewpoints offers new insight in approaching the fundamental problem of biology: We now have a real possibility of addressing the question of how linearly encoded information can be expressed to result in formation of functional three-dimensional structures, and of following a process from genotype to phenotype .
Having set such a large stage, I want to focus on a single aspect of the overall problem and consider the control of assembly and function of just one of the components of eucaryotic cellular substructure. Microtubules are used to mediate a number of crucial processes including cell division, cell motility, and, as part of the cytoskeleton, the formation and maintenance of cell shape . This system thus affords a good model for study of the mechanisms by which the morphology ofeucaryotic cells is determined. A formidable literature exists both on the morphology and function of various microtubule arrays in vivo and on the biochemistry oftubulin .
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PERSPECTIVES
Genetic analysis has only recently been utilized for examining the relationship between the structure and function of tubulins; it is this relatively new branch ofthe microtubule literature that I will summarize here, using our work in Drosophila as ;`specific example . TUBULIN GENE FAMILIES Microtubules are composed of equimolar amounts ofthe two 50,000-dalton subunits, a-and ß-tubulin. The stable form of tubulin both in vivo and in vitro is as a dimer, and although the direct experimental evidence is not as tight asthe universal acceptance of the proposition would imply, circumstantial evidence from many systems is consistent enough to be compelling that the functional unit in microtubule assembly is the a-ß heterodimer (1) . Historically, thought about tubulin has passed through two distinct phases. Early on, the dominant feature in views of microtubule function was the striking universality and conservation throughout eucaryotic phylogeny both ofthe structure ofmicrotubules and the biochemical properties of tubulin . This monolithic personality-tubulin is tubulin is tubulin-was then schizophrenically shattered when, primarily because ofimprovements in separation techniques, it was found that microheterogeneity of tubulin populations even within a single cell or tissue type was probably the rule, not the exception. Thus the possibility was raised that instead of a single dimer for all seasons, for every tubule there might be a tubulin . Recent elucidation of the number and distribution oftubulin genes in a wide variety of species has brought these two disparate views into overlapping focus. As summarized in Table I , the tubulins are encoded in small, multigene families containing approximately equal numbers of genes for a-and ß-tubulin. There is thus indeed genetic diversity of tubulins, but of a modest sort. It appears that few organisms have as many different tubulins as they have sets of microtubules. Species representing a wide range of phylogenetic diversity contain one to four genes each for a-and ,B-tubulin, unlinked in the genome. Some of the apparent exceptions to this pattern may actually not represent very significant deviations. The genomes of mammals, so far represented by studies on humans and rats (a venerable combination in the history of science), contain as many as 20 sequences each for a-and ß-tubulins. However, in both these species at least some, if not the majority, of genomic tubulin sequences have been found to represent nonfunctional pseudogenes (2, 4, 6, 7, 10) . The only striking difference in number and arrangement of tubulin genes is that in the parasitic protozoan Leishmania, the a-and fl-tubulin genes are clustered in separate tandem repeats (28) , and in the trypanosomes, a-and fl-tubulin sequences alternate in a tandem repeat of a,ß-gene pairs (27) . How many of these sequences represent functional genes has not yet been reported .
The unique arrangement of genes in trypanosomes is particularly provocative since it is believed that a-and 0-tubulin are derived from a single ancestral sequence, their amino acid sequences exhibiting 40-50% homology (30) . Their divergence, however, is clearly an ancient event that occurred very early or indeed at the onset of the origin of eucaryotes (31) (32) (33) . The highly conserved nature of the tubulins has been amply demonstrated at the biochemical level both by the cross-reactivity of tubulins with heterologous antisera and by the well-known ability oftubulins from diverse sources to copolymerize into microtubules in vitro . The remarkable conservation of a-and ß-tubulins in evolution has now been directly confirmed at the primary sequence level (8-10, 29, 34-40) . However, as Cleveland has recently pointed out (41) , it may be misleading to emphasize the homologies since the variation between different tubulin gene products in a single organism may be as great, or even greater than, differences between subunits from different species. The functional significance of small differences in the primary structure of tubulins is thus an important question that has yet to be answered.
2 THE JOURNAL OF CELL BIOLOGY " VOLUME 99, 1984   TABLE   Tubulin Gene Families   THE DROSOPHILA TUBULIN GENE FAMILY In Drosophila, one has the luxurious advantage ofbeing able to relate the genetic recombination map to the visible road map of the genome in the banding pattern of the giant polytene chromosomes in the salivary glands. The tubulin gene family is diagrammed in Fig. 1 . This set ofgenes exhibits the now classical (in terms of the short history of molecular genetics) picture of a multiple gene family. At least one member of each tubulin class is expressed ubiquitously whereas other members are expressed differentially with respect to developmental timing and/or tissue specificity (see Table II ). From studies of transcription patterns it appears likely that all of the tubulin sequences in the Drosophila genome represent functional genes (16, 18, 19, 42, 43) , although to date we have identified protein products for only four of the genes (14, 15, 44, 45; Fig. 2 ).
As shown in Fig. 2 , we have genetically mapped the atubulins synthesized during embryogenesis to the polytene chromosome region 84113-6 by examining tubulin synthesis in embryos homozygous for a deletion of this region. This result is consistent with the observation that transcripts from this gene constitute the bulk of the a-tubulin mRNA population throughout embryogenesis (18, 19, 42) . The major atubulins synthesized in vivo at other times in development and in adult tissues co-migrate with the embryonic a-tubulin in two-dimensional gel electrophoresis and yield similar products in peptide mapping, but we do not know as yet whether these species are all products of the 8411 locus or may also represent similar gene products from other loci.
We have characterized three 0-tubulin subunits, one of which, like the 8411 a-tubulin, is aprominent and ubiquitously expressed protein, and two ofwhich are limited in expression in time or space. We initially identified and mapped a testisspecific subunit (N2 -tubulin) to the polytene chromosome region 85134-7 (14, 15) ; the genetic analysis ofthe function of this subunit is described in detail below . In Fig. 1, 1 have tentatively assigned the remaining two 0-tubulin subunits to genetic loci based on comparison ofprotein synthesis patterns with transcription patterns . We have designated the major fltubulin synthesized throughout embryogenesis and in adult tissues as ß,-tubulin (14, 44, 45 addition to ß,-tubulin, we discovered an embryo-specific subunit, N3-tubulin, that is a zygotic gene product transiently expressed only during a tightly restricted time period (15) . Our experiments strongly suggested that ß,-and 03-tubulin are different gene products. Since the unique developmental timing observed by Natzle and McCarthy (19) for transcripts from the 60C locus is identical to that we observed for expression of N3-tubulin, it seems highly probable that 03-tubulin is encoded by this gene.
It is clear that neither genetic diversity nor any other single mechanism accounts for cellular control over the enormous versatility of microtubule function. The timing and amount of tubulin synthesis is also regulated not only with respect to which genes are expressed, but as wellby a number ofcomplex mechanisms related to the levels of unpolymerized tubulin and other conditions within the cell (21, 41, (53) (54) (55) (56) (57) (58) . Second, as is discussed in more detail below, additional complexity of tubulin populations may be generated by post-translational modification of specific subunits. Finally, there is the control exerted through the interaction of tubulin with small molecules, in particular, calcium, and, what may well turn out to be the key control for the functional specificity of microtubules, interaction of tubulin with diverse other proteins (the microtubule-associated proteins, or MAPS, ofthe microtubule literature), which may play both structural and/or regulatory roles . We can, perhaps with some success, assess the relative importance of each of these levels of control for various microtubule organelles; but what we cannot yet do, for even one set of microtubules, is to describe in any detail the sequence of molecular steps involved in its construction and ultimate function within the cell. However, application ofthe techniques of molecular and classical genetics promises to bridge the gap between the literature on the biology of microtubules and that on the chemistry of tubulin. Two approaches have been exploited for genetic analysis of microtubule function : (a) isolation of mutations in the structural genes for tubulin subunits themselves, and (b) isolation (18) and Natzle and McCarthy (19) , in which clones that contained tubulin coding sequences were used . The data for the ß-tubulin transcripts are from Natzle and McCarthy (19) for hybridization to mRNA by probes for each gene containing primarily tubulin coding sequences . = The biochemical characterization and patterns of expression of the tubulin proteins were determined in our laboratory (14, 44, 45) . The chromosome loci for tubulin gene products were determined by genetic mapping for a,-and a2 -tubulin (848; see of mutations in other genes that affect the structure, timing, placement, or function of specific sets of microtubules. Classically, genetic analysis has been used to dissect complex biological processes by use of mutants that disrupt different aspects or stages of the process. Tubulin mutations thus constitute specific probes with which to examine the participation ofa given tubulin gene product in microtubules in situ in the cell or tissue in which the gene is expressed. Analysis of the phenotypes of such mutations can potentially yield several kinds of information : for example, on the cellular level, the relationship between differential tubulin gene expression and the specificity ofmicrotubule function can be assessed; and on the molecular level, changes in the structure ofthe tubulin molecule can be directly correlated with specific aspects of function in microtubules in vivo. Finally, the coupling of analysis of tubulin mutations and mutations in other genes involved in microtubule assembly affords a way of following the construction of three-dimensional supramolecular structures within the cell. Mutations in tubulin genes have now been reported in several species. In this section I will discuss studies in which tubulin mutations have been isolated as a class of mutations that cause altered response to antimitotic drugs . Such mutations were first reported in the fungus The panels at the bottom of the figure are portions of autoradiograms of two-dimensional gels showing the tubulin subunits synthesized by embryos homozygous for each of these deletions . Prelethal stage 22-to 24-h-old embryos were labeled in culture with [ 3 'S]methionine . Tubulin was then prepared by vinblastine sulfate precipitation along with carrier tubulin from wild-type eggs and embryos (45) . Embryos homozygous for either of the deletions, (a) Df(3R)Antp Ns+R or (c) Df(3R)Antps-"' failed to synthesize significant amounts of a-tubulin, whereas ß,-tubulin synthesis was essentially normal . Both of these mutations delete the a-tubulin hybridization site at 84B . The tubulin synthesis pattern in embryos homozygous for the third deletion, (b) Df(3R)Scr, which does not delete this site, was the same as that in normal embryos of the same age (45) . Thus the gene encoding the major embryonic Drosophila a-tubulins is localized within the small region 84133-84136 defined by the distal end of Df(3R)Scr and the distal end of Df(3R)Antp s" W+R2 .
It should be noted that the large deletion Df(3R)Antp N,+R,7 deletes the a-tubulin gene at 84D as well as that at 84B . However, we have not been able to detect any differences in the tubulin subunits synthesized by prelethal stage embryos homozygous for this deletion and embryos homozygous for Df(3R)Antps"`"+RZ, i n which only the 84B gene is deleted .
Although it is difficult to see in the rather overloaded gel shown here, (as indicated in b) the embryonic a-tubulins usually resolve in the SDS electrophoresis dimension into a closely spaced doublet, of which the slower moving component (designated a,) is the minor component . Both species appear to be encoded at 84B and both are synthesized in in vitro translation supported by embryonic mRNA preparations (45) . The possibility originally raised by Mischke and Pardue (18) that the 84B site may contain two a-tubulin genes seems to be eliminated, however, since overlapping clones for this 4 THE JOURNAL OF CELL BIOLOGY " VOLUME 99, 1984 gene for ß-tubulin to the locus benA, and found many mutations that result in resistance or super-sensitivity to the benzimidazole drugs (24) . A gene for a-tubulin was subsequently identified among mutations that cause reversion of the drug-sensitive phenotypes of the ß-tubulin mutants (25) . An elegant aspect of this work is the use of temperaturesensitive mutations, which allows introduction of the mutant block at specific points in the life cycle of the fungus (59-61) . For example, these studies showed that the benA gene product is required for the function of at least two classes of microtubules (59) . Furthermore, a ß-tubulin mutation in which hyperstable microtubules are formed at restrictive temperatures was used to demonstrate that chromosome movement requires disassembly of spindle microtubules (60) , an aspect of mitotic mechanism long ago proposed by Inoué but for which little direct experimental evidence exists (reviewed in reference 62) . Tubulin mutations resulting in changes in response to antimitotic drugs have also been reported in yeast (29) , in the slime mold Physarum (23) , and in tissue culture cells (63) (64) (65) (66) (67) (68) . In the latter two systems, tubulin mutations reulting in altered resistance to antimitotic drugs were found to have differential effects on microtubule function . For example, Cabral and co-workers (68) found that in Chinese hamster ovary cells expressing a variant ß-tubulin, mitotic function was abnormal but the interphase arrangement of cytoplasmic microtubules was normal . Most recently, this group has reported a Chinese hamster ovary cell mutation in which cytoplasmic microtubules appear normal but the mitotic spindle can be formed only in the presence of the microtubulestabilizing drug taxol (69, 70) . Analysis of this mutation has demonstrated that a morphologically normal spindle is required for both chromosome movement and cytokinesis. It has not been determined as yet whether this is a tubulin mutation or whether it represents a microtubule-related mutation.
As mentioned above, the second type of mutations that affect microtubule function are those in genes that encode components, either structural or regulatory, which interact with tubulin or microtubules. Such mutations have been reported in two systems : the first example is the study of the touch receptor neurons in the nematode Caenorhabdftis elegans by Chalfie and his associates (71) (72) (73) . This work is not only a nice functional analysis of a specific set of microtubules, but also serves as a reminder of the dangers of generalizations about biological systems . When tubulin is assembled in vitro, region of the Drosophila genome give no evidence for duplicate tubulin genes (51) .
In each panel the tubulin subunits are designated . The protein above ß,-tubulin is an as yet unidentified nontubulin component . Actin is also present (lower right-hand corner) . As can be seen in a and c, embryos in which the 84B a-tubulin gene is deleted synthesize a trace amount of protein that migrates in the a-tubulin region . This may be a minor tubulin or other protein whose presence is uncovered in the absence of a,-and a 2-tubulin synthesis . (If so, it cannot be a tubulin encoded at site 84D since this protein is present in embryos homozygous for Df(3R)Antp"'+R".) Perhaps more likely, this may represent residual synthesis of a2-tubulin on remaining maternal message (18, 52) . (80) (81) (82) , but the few exceptions have been more or less taken as representing special cases. Because of its universality, the 13-protofilament number has often been implicity assumed to reflect a general intrinsic structural, and perhaps functional, constraint for cytoplasmic tubules. However, Chalfie and Thomson (73) found that in C. elegans and other nematodes there are no 13-protofilament microtubules. Rather, most cells in the worm have 11-protofilament microtubules, whereas the microtubules in the six touch-receptor neurons have 15 protoffaments .
The unique protofilament substructure of the touch cell microtubules appears to be required both for their arrangement in the cell and for their function. Unlike the 11-protofilament microtubules in other cells, the 15-protofilament microtubules, which apparently mediate touch sensitivity by serving as a rigid structure against which physical deformation occurs, are cross-linked in rigid, hexagonally packed bundles; mutations in the gene mec-7 result in loss oftouch sensitivity concomitant with loss of this set of microtubules (71) (72) (73) . In the mutants they are partially replaced by less regular arrays of uncross-linked 11-protofilament microtubules. Although these microtubules are sufficient for outgrowth of the touch neuron cell processes, they do not mediate touch sensitivity . Chalfie and Thomson (73) concluded that the mec-7 gene is unlikely to be a tubulin structural gene but rather may encode a product responsible for specifying the protofilament number ofthe specialized touch cell microtubules. This mutation may thus constitute a first step in identifying the heretofore elusive mechanisms of microtubule nucleation in vivo.
An example ofa study ofmutations that affect the structural components of a microtubule organelle is the elegant genetic analysis of the Chlamydomonas flagellum by Luck and Piperno and their colleagues. Using mutations that affect flagellar structure and/or motility, this group has identified specific proteins that comprise various substructures within the flagellum and the order in which these proteins are assembled (reviewed in reference 83). The structural studies have also yielded information about the mechanism of flagellar motility . For example, by analysis of paralyzed mutants lacking radial spokes, Huang et al. (84) identified the proteins from which they are constructed. Subsequent isolation of suppressor mutations yielded unexpected "by-pass" mutants that, although motile, still lacked the radial spoke system previously believed to be required for motility . Analysis of the suppressor mutations revealed a control mechanism involved in the initiation of flagellar beat and also showed that, although not required for axoneme movement per se, the radial spoke system is necessary for the efficient asymmetric flagellar beat in wild type (85, 86) .
Mutations in the tubulin genes have not yet been reported in Chlamydomonas . However, assembly of the flagellum in this organism and in the related alga Polytomella involves the only post-translational modification of tubulin for which a functional significance has been demonstrated . Studies in the laboratories of Rosenbaum and of Weeks (87-89) have demonstrated that the flagellar isoform of a-tubulin is encoded by the same gene as that which encodes the cell body a-tubulin and is derived by a post-translational modification of the cell body form. Recent work by L'Hernault and Rosenbaum (90) has shown that acetylation of a-tubulin occurs within the flagellar matrix during assembly of the axoneme and is reversed upon disassembly . It is tempting to speculate that the alteration in a-tubulin results in a change in the functional capacity of the molecule .
GENETIC ANALYSIS OF THE DROSOPHILA TESTIS-SPECIFIC ß2-TUBULIN
Spermatogenesis in Drosophila has been well characterized at the cytological and ultrastructural level (reviewed in reference 91) and affords an excellent model system for examining microtubule function in construction of a complex organelle . The testis ofthe adult male may be thought of as representing a steady-state system in both time and space: developing cysts in all stages ofspermatogenesis are present and their location along the length of the testis approximately corresponds to their chronological stage of development . There are four crucial sets of microtubules involved in spermatogenesis. At the tip ofthe testis, gonial cells undergo four mitotic divisions, which form syncytial cysts of 16 primary spermatocytes. These undergo meiosis to form cysts of 64 spermatids. Then, during spermatid differentiation, the sperm flagella axoneme is assembled from the basal body derived from the single centriole remaining after the last meiotic division . Meanwhile, as assembly ofthe axoneme proceeds, a specialized bundle of cytoplasmic microtubules mediates the shaping ofthe nucleus into the needle-like head of the mature sperm.
In our initial work in this system, we identified 02 -tubulin, a subunit that is expressed only in the testis and is the sole #-tubulin component ofmature motile sperm (14) . Our original hypothesis was that expression of this subunit might be a direct signal for construction of the sperm flagella axoneme, a doublet microtubule-containing structure that does not occur elsewhere in Drosophila (there are no ciliated cells in either embryos or adult tissues). Analysis of a number of mutations in the gene for ß2-tubulin, however, has revealed that the situation is considerably more complicated than this simple model. In fact, ß2-tubulin serves a number of functions in the tissue in which it is expressed and is required for the function of all classes of microtubules assembled subsequent to its expression, which occurs shortly before the onset of meiosis . Thus, this subunit functions in the meiotic spindle (but not in the mitotic spindles in earlier stages of spermatogenesis), in cytoplasmic microtubules, and in the axoneme. Table III summarizes the ß2-tubulin mutations we have isolated. Because this subunit is not expressed at all in females, nor elsewhere in males, these mutations do not affect viability of the flies but exhibit male sterility as their sole phenotype . We first looked for mutations in the gene for the testis-specific subunit by the "brute force" method of screening for male sterile mutations in which the electrophoretic mobility of the subunit was altered . This approach, although perhaps inelegant, was effective. The first such mutation we isolated was the dominant male sterile B2t°, which we used to map the (14, 15) . The phenotype of this mutation is illustrated in Fig. 3 . Spermatid differentiation in males that express B2t' is defective such that both the overall organization of the axonemes in developing sperm tails is disrupted and the morphology of the doublet tubules is aberrant (Fig. 3, af) . However, in addition to the defects in axoneme assembly there are also severe meiotic abnormalities, including formation of multipolar spindles at the second meiotic division in heterozygous males and complete failure to form a spindle in homozygotes (Fig. 3, g-i) . This observation first raised the possibility that 02-tubulin has other functions in addition to assembly of the axoneme. The meiotic defects are consistent with the developmental timing of 02-tubulin expression, but because the mutation is dominant, we THE JOURNAL OF CELL BIOLOGY " VOLUME 99, 1984 could not eliminate the possibility that the variant subunit interferes in processes where the wild-type subunit does not normally function. We have answered this question as well as extended our analysis of 02-tubulin function by isolating a number of recessive mutations in the gene. These mutations fall into two distinct classes. Class I mutations cause complete failure of 02-tubulin function, and it was from these mutations that we deduced the multifunctionality of this tubulin subunit (92) (93) (94) . In homozygous males, spermatogenesis fails in all aspects of microtubule-mediated function subsequent to expression ofthe variant subunit . Thus, although early steps in spermatogenesis proceed normally, including the mitotic divisions of the gonial cells to form the cysts of 16 primary spermatocytes, thereafter no microtubules are assembled : meiosis fails to occur (no spindle is formed, there are no chromosome movements, and cytokinesis does not occur); no cytoplasmic microtubules form, the sperm nuclei are not shaped, and no axoneme is formed.
The original group of class I mutations that we reported encode different variant forms of ß2-tubulin, but all share a common biochemical phenotype (92) (93) (94) . Whereas the wildtype 02-tubulin is extremely stable in the testis protein pool, these mutations encode variant 02-tubulin subunits that are synthesized at approximately normal levels but are thereafter unstable and rapidly disappear from the testis tubulin pool. At the same time, the normally stable wild-type a-tubulin also disappears. Thus, in homozygous males the testis tubulin pool is vanishingly small, containing only the normally small amount of the ubiquitous Q,-tubulin that functions in early spermatogenic stages and a correspondingly small amount of a-tubulin. We concluded that the 02-tubulin variants encoded by these mutations are unable to form normal a-ß dimers, and that consequently, both the mutant 02 -tubulin and wildtype a-tubulin are degraded by the proteolytic machinery within the cell. It should be noted that this line of reasoning from the genetic evidence can be turned around, and the co- Note that the lumen of the accessory tubules and the central pair is filled with electron-dense material . The major and minor mitochondrial derivatives, which extend the length of the axoneme, exhibit the typical electron-dense paracrystalline material . c shows developing spermatids in a heterozygous Bt2°lBt2+ male . The spermatids, at a stage of development comparable with that in a, are in abnormal relationships both with respect to each other and to the associated mitochondrial derivatives . Arrowheads indicate aberrant doublet tubules . The defect in microtubule morphology appears to be in construction of the accessory tubules which, in many cases, appear to be assembled in multiple "false starts" and/or at an improper angle to the B tubule, producing structures that resemble triplet tubules .
d-f show spermatic! development in a homozygous Bt2°/Bt2°male . In this genotype, no complete axonemes are assembled : (d) Early stage spermatid comparable in development to that in a, showing an incomplete axoneme containing two of the typical aberrant doublet and accessory tubules . In this spermatid the two associated mitochondrial derivatives are in relatively normal relationship to the axoneme. (e) and (f) Later stages in spermatid development, as indicated by the accumulation of paracrystalline material in the mitochondrial derivatives . Regions that appear to represent abortive axoneme assembly are indicated by arrows (compare the doublet tubules with associated accessory tubules and the surrounding "eyebrow" of electron-dense material in the wild-type axoneme in b) . Note the remarkable arrays of microtubules in much of the cytoplasm ; some of these are filled in with electron-dense material similar to the central pair and accessory tubules and may thus represent ectopic axoneme tubule assembly. Electron micrographs were taken by J . degradation within the cell of normal a-tubulin in the presence of the variant 02-tubulin can be construed as another strong circumstantial argument that it is the heterodimer that is the normal stable subunit within the cell. Recently, K. A. Matthews has isolated a null mutation for this locus in which. no 02-tubulin is synthesized (unpublished data). The cytological and biochemical phenotype of this mutation, including loss of normal a-tubulin from the tubulin pool, is identical with that of the other class I mutations . The second class of recessive mutations in the ß2-tubulin gene are those that encode variant forms that are stable . Except for the stability of the tubulin subunits they encode, however, unlike the first class mutations, the class II mutations do not share a common phenotype . In the class II mutations the stable 02-tubulin variants retain some degree of function so that microtubule-mediated events do not fail to occur, as in class I, but rather proceed abnormally . Each mutation has a unique phenotype and exhibits a different set of defects in microtubule function during spermatogenesis. The phenotypes of these mutations will be described in detail elsewhere (Fuller, M. T., J. H. Caulton, J. A. Hutchens, P. C. Kaufman, E. C. Raf,, manuscript in preparation).
Within class 1, all interallelic combinations are male sterile and exhibit the same phenotype as homozygotes for a single allele (that is, complete loss of microtubule function in spermatogenesis, beginning with meiosis). Interactions between class I and II alleles, and alleles within class II, however, are more complex . Males that are double heterozygotes for such combinations of alleles do not necessarily exhibit the spermatogenic phenotype of either parent mutation. While analysis of the class I mutations allowed us to determine the normal function of N2-tubulin, analysis of the class II mutations, which differentially affect the various functions of ß2-tubulin, is beginning to allow us to genetically dissect each of these functions.
Finally, Table III also summarizes another very interesting class of mutations we obtained during screens for new 02-tubulin mutations . These are recessive male sterile mutations that fail to complement the class I recessive 02-tubulin mutations but that map to other genes (for a preliminary report of these mutations, see reference 95). We interpret these nontubulin noncomplementing mutations to represent lesions in genes that encode products that directly interact with 02-tubulin during spermatogenesis . Analysis of these mutations together with the tubulin gene mutations should allow us to identify other structural components of the sperm tail axoneme and also to identify proteins that may specify the functional interactions thatgovern the participation ofa single tubulin subunit in a number of different kinds of microtubules.
THE ROLE OF MULTIPLE TUBULIN GENES Not only the tubulins, but many other proteins of central importance in eucaryotic cell function, for example, actins, collagens, keratins, and the globins, occur as small families of related but distinct genes . This phenomenon raises the general question of the function of multiple copies ofgenes for very similar proteins. That is, what are the selective pressures in evolution that gave rise to and serve to maintain small families of a few closely related single copy genes?
In the extremes, two disparate mechanisms can be envisioned: (a) perhaps the gene products of the several members of such families each possess slightly different biochemical 8 THE JOURNAL OF CELL BIOLOGY " VOLUME 99, 1984 properties intrinsic to differences in the primary amino acid sequence and allowing a slightly different mode of function for each protein; or (b) perhaps the different genes arose through the need for cells to exert alternate regulation of expression of basic structural proteins . For the tubulins, then, the question is whether each form possesses unique functional capacities required for a particular set of microtubules, or whether the various forms are equivalent in functional potential for microtubule assembly but are subject to separate control mechanisms allowing differential timing, place, or amount of tubulin synthesis. As with most alternate hypotheses about biological mechanisms, it appears that both possibilities are probably true to different extents in different systems .
As discussed above, our genetic analysis of ß2-tubulin has revealed the surprising fact that tissue specificity ofexpression does not necessarily imply restriction offunctional specificity . If 02-tubulin has unique functional capacity, it is unlikely to be for those structures that involve singlet microtubules (that is, the meiotic spindle and cytoplasmic microtubules) since similar microtubules in other tissues or at times when 02-tubulin is not expressed are carried out by other subunits . Perhaps more likely is that if 02-tubulin does have unique functional capacity, it is required for assembly of the doublet tubule-containing sperm tail axoneme, a structure that is assembled only in the testis and in which 62-tubulin is the only ß-tubulin component. However, centrioles, the triplet tubules ofwhich are morphologically extremely similar to the axoneme doublets for which they serve as templates, are normal in all the ß2-tubulin mutations (92 ; Caulton, J. and E. Raff, unpublished data). Thus, it appears that other ß-tubulins may also participate in construction ofthis molecular arrangement of tubulin subunits.
Finally, there is the second alternative that multiple tubulin genes may serve regulatory requirements. In addition to N2-tubulin, other testis-specific proteins have been described : for example, the testis cytochrome c in the mouse (96) and the seminal RNase in the ox (97) . The sequences of these two proteins are sufficiently divergent from the somatic or pancreatic forms, respectively, to suggest, if extrapolated directly from a phylogenetic tree constructed on molecular data, that the testis diverged from mammals several million years ago. Since this is an unlikely interpretation, perhaps we can speculate that separate genes for certain proteins evolved to allow specific regulatory control over differentiation of the testis, perhaps consequent to the maintenance ofthe germ line. We may thus arrive at a circumstantial case for arguing that of the two possibilities proposed above, it may be more likely that a testis-specific tubulin arose as a consequence of such regulatory rather than functional pressures . One always gets in trouble with generalizations, however: the fly in this particular ointment is the chicken, in which the major testis ß-tubulin gene is also expressed in other tissues (13) .
Recent work from Wensink's laboratory on the structure of the Drosophila a-tubulin genes has also yielded some unexpected results. Baum et al. (43) found that although the introns as well as the flanking sequences are different, no differences could be detected within the coding regions for the three a-tubulin genes on the right arm of the third chromosome. This raises the possibility that these three atubulins may be very similar or even identical proteins but subject to differential regulation of expression. The fourth gene, however, is different . The homology data suggest that the maternally expressed a-tubulin encoded on the left arm of the third chromosome is a protein similar to the other atubulins in the carboxyl terminal region but only very weakly homologous in the amino terminal half of the molecule . It will be very interesting indeed to find out what the functional significance ofthis unusual structural divergence may be.
As in Drosophila, the expression of different tubulin genes has been shown to be differentially regulated in a number of other organisms, including humans (35, 36) , rats (98) , chickens (13, 99) , sea urchins (100), and Physarum (101). This is not necessarily always the case, however. In Chylamydomonas, for example, all four tubulin genes are expressed coordinately (21, 22) and appear to have similar control regions (102, 103) . The coordinate expression of multiple tubulin genes may be the reason that it has been difficult to isolate tubulin mutations in this organism .
As the functions for specific tubulin genes in different species are defined, we should begin to gain more insight into the precise role the multiple tubulin genes play and thus, implicity, into the pressures that led to their formation. To extrapolate (always dangerous) from the relatively few examples so far, it appears that in general a given tubulin gene product may be involved in more than one set of microtubules. It may be, however, that we will be unable to arrive at one or even a few generalities. As is made clear by Raff and Kaufman (104) in their discussion of evolutionary mechanisms, diversity of origins, as well as of functions, may well be the only general rule. This indeed is suggested by Frazetta's felicitous analogy of evolution as a process of improving a motor while keeping the engine running (105) . Stanislaw Lem, in His Master's Voice, remarks that "Evolution is, as an engineer, an opportunist, not a perfectionist" (106) . For myself, I like to combine these two images and compare evolutionary processes to that most pragmatic of engineers, a teenager with a junk car (thus, we may expect to find in the molecular record both chewing gum and baling wire). 
